Crystal structure data on hydroxyapatite, octocalcium phosphate and brushite have been used in order to predict their crystal morphology on the basis of the H artm an-Perdok theory. The predicted forms are pencil-like for hydroxyapatite, board-like for octocalcium phosphate and flattened needle-like for brushite. Although the biominerals in bone, dentine and tooth enamel have an apatite structure, their form is not pencil-like. This may partially be due to the fact that precursor phases are nucleated first in these tissues during mineralization and that these precursor phases are transform ed later by topotactical reactions into compounds with apatite structure or that they serve as nuclei for ongrowth of apatite. The form of the mineral particles in m ature bone and dentin is board-like which indicates that octocalcium phosphate might be their precursor phase. H owever, the form of the crystals in mature enamel is flattened needle-like which indicates that brushite is their precursor phase. It is argued that a possible difference in the nature of the precursor phase may be due primarily to differences in the cellular activities of the odontoblasts and osteoblasts as compared to those of the ameloblasts, and secondarily to matrix effects. In both cases, however, the main effect of the matrix seems to be that it acts as a mechanical barrier leading to a limited form and size and, of course, a certain orientation of the crystals, rath er than as an agent for heterogeneous nucleation. The validity of the present considerations depends as yet on the assumption that the ions and molecules occurring in body fluids do not dom inate the habit of calcium phosphate crystals.
Introduction
It is know n since a long tim e [1 ,2 ] th at the crystal stru ctu re of the m ineral in bone, dentin and enam el is ap atite. H ow ever, the form of the crystalline p a rti cles in these calcified tissues is far from the mostly rod-like form rep o rted for apatite m inerals. T hese m inerals are m ost frequently characterized by a hex agonal cross-section and a flat top face, som etim es ro u n d ed off by som e less im portant faces on the edges [3] .
T he discrepancy betw een the m orphology o b served from electron m icroscopy and th at expected on the basis of the sym m etry of the space group R eprint requests to Prof. Dr. Driessens.
Verlag der Zeitschrift für Naturforschung. D-7400 Tübingen 0341 -0382/87/0700 -0916 SOI. 30/0 m ight be explained by th e fact th at in calcified tissues o th e r calcium p h o sp h ates occur as p recu rso r phases. Such a p recu rso r m ight be tran sfo rm ed into apatite la te r on by to p o tactical reactions. B row n [4] has p ro po sed octocalcium p h o sp h ate as a possible precursor in this sense. T he p recu rso r m ight also serve as a nucleus fo r ongrow th of ap atite later on. In this sense Francis and W ebb [5] have pro p o sed brushite as a possible p recu rso r.
In case o f a p recu rso r phase which is transform ed into ap atite or which serves as a nucleus for o n grow th of ap a tite , the form of the final crystallites should still resem ble th a t of the original phases, being e ith e r octocalcium phosp h ate-lik e o r brushitelike. R ecen tly , the form s ex pected for such crystals w ere d erived from several th eo ries and com pared w ith ex p erim en tal studies on these com pounds when synthesized in vitro [15 -18] . This p ap e r is intended to co m pare these p red icted form s as review ed in the section "P ro c e d u re " w ith the crystallite form s re p o rte d for calcified tissues as review ed in the section "E x p erim ental R e su lts" . T his enables a "D iscussion" o f th e physiological conditions controlling the calcified tissues during th e ir m ineralization.
Procedure
Several th e o retical considerations have been used to p red ict the m orphological im portance of a crystal face hkl in the form and shape of m ineral particles. H artm a n and P erdok [9] [10] [11] [12] in tro d u ced the con cep t of periodic bond chains and so w ere able to pred ict the relative grow th rates of different crystallographic form s hkl ([12] , see also [13, 14] ). T erpstra et al. [15 -17] found a w idth of 30 ± 4 nm and a thickness of 3 ± 0.5 nm. In conclusion, th e typical shape of d e ntin crystals is p robably ab o u t 100 x 35 x 5 nm . T h eir crystallographic c-axis is parallel to th eir length. This also indicates th at octocalcium p h o sp h ate m ight be th e precursor phase in dentin.
K erebel et al. [27] studied th e thickness and w idth o f th e crystallites in hum an enam el. In the m atu re stage the thickness is 26 ± 2 nm and th e w idth 68 ± 13 nm . T he first crystallites observable during m ineralization have a thickness of n ot m ore th an 1.5 nm and a w idth of 15 nm . L ater, D aculsi et al. [28] show ed th at crystals in m atu re enam el are at least 1 0 0 ^irn long and th at they obtain th eir length by intergrow th of units w ith sm aller lengths. H ence, the average size of the crystals in m ature enam el is about 1 0 0 ,0 0 0 x 7 0 x 2 5 nm . This form is th at of a flat n eedle w ith the crystallographic c-axis parallel to its length and thus indicates th at brushite m ight be the p recu rso r in to o th enam el.
Discussion
F or bone th e re is also a lot of chem ical evidence th a t octocalcium phosp h ate is the p recursor phase. A ccording to D riessens and V erbeeck [29] this p re cursor is continuously form ed during bone turnover. H o w ever, it is not stable in bone extracellular fluid, b u t it is tran sfo rm ed w ithin ab o u t one m onth into a m ixture of the follow ing th ree phases: a small am o u n t of a w hitlockite w ith the form ula C a9 Mg ( H P 0 4) ( P 0 4) 6
(1)
probably being am orphous to X -ray diffraction, a sodium and ca rb o n ate containing apatite w ith the form ula C a8.5 N a i.5 ( P 0 4)4.5 ( C 0 3 ) 2 5
and a calcium deficient, heavily carb o n ated apatite w ith the form ula
w hich are all know n from in vitro syntheses. T he two apatites m ay occur as dom ains in the sam e apatitic crystals. E ach of these th ree phases has a solubility m uch low er th an th at of octocalcium p h osphate [30] b u t new octocalcium p h osphate is continuously form ed due to bone turnover. In dentin no tu rn o v er occurs, but if also in this case octocalcium p h o sp h ate is the p recursor, it should be expected th a t this is transform ed into a m ixture of th e sam e th ree phases (1) through (3). This has indeed been found [31] .
Indirect chem ical evidence for the fact th at the p recu rso r in enam el is different from octocalcium phosp h ate m ay be derived from the fact th at the phase com position of the m ineral of m ature enam el is quite different from th at of the m ineral in bone and dentin [31] [32] [33] , A lthough th e re is an apatite of form ula (2 ) in too th enam el, the o th e r phases are a dolom ite w ith the form ula T h e physicochem ical co nsequences o f these cellu lar actions can be visualized as follows. T h e solubility isotherm s of the relev an t com pounds are given in a plot of log / 0ha versus p H in Fig. 2 . In this plot log / o h a is the logarithm o f th e ionic activity p ro d u ct for hydroxyapatite O H A . (T he isotherm for d en tin m in eral applies to th e p hases (1) th ro u g h (3 ).) T h e posi tion of the body fluids in such a plot is given by point A [35] . L et us co n sid er first dentino-genesis and let us assum e th at o d o n to b la st activity leads to an in crease of the inorganic p h o sp h ate co n cen tratio n in th e local dentinal fluid by 50% . T h en th e position of th e dentinal fluid is given by po in t B. H en ce, the o d o n to b lasts activity m akes th e d en tin al fluid su p e r sa tu ra te d with O C P , b u t it is still u n d ersa tu rate d w ith brushite. H en ce, O C P can be the p recu rso r in den tin .
O n the o th e r h an d , the am eloblast activity in creases not only th e inorganic p h o sp h ate co n c en tra tion in the enam el fluid, but also the ionized calcium co n cen tratio n . If we m ay assum e th a t b o th increases am o u n t to about 5 0 % , then enam el fluid reaches position C in Fig. 2 . H en ce, enam el fluid will becom e n ot only su p e rsa tu rate d w ith O C P , b ut even with bru sh ite. T h erefo re, b ru sh ite can be the p recu rso r in enam el. A n im p o rta n t question w ith respect to biom inerals is th e function of the organic m atrix in th eir form a tion. T he physicochem ical m eaning of the above data ab o u t O C P being a p recursor in bone and dentin suggests th a t collagen probably acts prim arily as a m echanical b arrier leading to a lim ited form and size (an d thus o f a p articu lar o rien tatio n ) of the crystals [36] ra th e r th an as an agent p ro m o tin g h etero g en e ous n ucleation [37] [38] [39] [40] [41] [42] . T he function of enam el m a trix is p ro b ab ly m ore com plex as, due to the fact th at only b ru sh ite nuclei are fo rm ed , this m atrix m ust at least inhibit th e form ation of O C P nuclei from the enam el fluid which is su p e rsa tu rate d b o th with O C P and w ith bru sh ite. C ertainly, th e en am el m atrix allows for the form ation of the needle-like brushite crystals [43] [44] [45] in p ro b ab ly the sam e way as colla gen allows for O C P nu cleatio n , i.e. it acts prim arily as a m echanical b arrier leading to a lim ited form and size of th e crystals [43] ra th e r than as an agent p ro m oting th e h etero g en eo u s nucleation of brushite. In any w ay, th e m ost p red o m in an t role of the m atrix seem s to be th a t of a spatial constriction and o rien tatio n .
Som e caution ab o u t th e conclusions of this p ap er is justified. It is know n th a t th e specific adsorption of solute m olecules [18] o r of foreign ions like Mg2+, C 0 32 -, etc. as they occur in body fluids m ay change th e form of th e crystals to a shape d ifferent, from w hat m ay be expected from periodic bond chain theory. W hat all the ions occurring in body fluids do to the habit of calcium p h o sp h ate crystals is unknow n at the m om ent. F u rth e r, it m ust be realized th at the crystals in calcified tissues are m ostly very small so th a t th eir faceting is m uch less precise than th at p red icted from th e periodic bond chain theory. F or this reason com parison of th eo ry and practice about crystal form s on the basis of faces w ith secondary im portance is n o t possible.
